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When electron beam, formed lo-Jupiter penetrates into Jupiter plasma the beam-plasma instability develops.
Then electron distribution function becomes wider by excited fields. These electrons cause UV polar light. The con-
ditions of formation, properties, stability and evolution of a formed intensive double layer have been described.

Beam reflection leads to semi-vortex formation.
PACS: 29.17.+w; 41.75.Lx

INTRODUCTION

In this paper, the dynamics of an electron beam,
which leads to polar light of Jupiter [1 - 13], in the vicini-
ty of Jupiter has been investigated, which according to
model [14] is accelerated in the lo vicinity. Electron
bunches move along a magnetic tube from lo to Jupiter.
Since the magnetic field lines of Jupiter meet at its poles,
the beam is focused while moving toward Jupiter, and the
density of the beam electrons increases. When the beam
penetrates into the plasma to a certain depth, the beam-
plasma instability (BPI) develops. In this case, the excited
oscillations expand the electron distribution function. Thus,
from their energy distribution function, a tail grows, which
determines the observed aurora in the UV range.

Since BPI in an inhomogeneous plasma develops lo-
cally, it can at some height lead to the formation of a
double layer (DL). The conditions for the formation of
this DL have been formulated, its properties have been
obtained, the dynamics of plasma particles and the re-
flection of the beam back in its field have been de-
scribed. After reflection from Jupiter upper ionosphere
electron bunches change the direction of motion [15].

The effect of the space charge of a decelerated beam
and its collision with particles of partially ionized plas-
ma lead to a gradual expansion of the decelerating
beam. Thus, the reflected beam moves back on a larger
radius, leading to vortex dynamics.

1. BEAM-PLASMA INSTABILITY

The energy of the beam electrons is too high to
cause UV auroras. However, the BPI [16], caused by
them, forms the tail of the electron distribution function
up to the UV range (Fig. 1).

r

Fig. 1. The distribution functions of the beam and plas-
ma electrons formed at t,>t;>t, as a result of the elec-
tron beam interaction with the Jovian plasma
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Thus, when a beam penetrates into the plasma to
such depth that the plasma electron density ng. becomes
large and at a significant focusing of the electron beam,
so that its density n, becomes larger than some thresh-
old, the BPI develops [16]. Growth rate y, of BPI

equals.
V3
J3(n
Y quﬁ n_b 0)pe oc n1b/3n]0/96 ) (1)

Oe
at a rapid stage of evolution and

Yo z(“—bjwpe. ®)

Oe

at a slow stage of evolution. If the beam is initially wide
in energy, then BPI from the very beginning begins with
a slow stage of evolution. As growth rate vy, is propor-
tional to n, and to the plasma electron density, the insta-
bility develops at a certain height, where the electron
density nge of the inhomogeneous plasma is large and
beam density due to focusing is large.

2. PROPERTIES OF DOUBLE ELECTRIC
LAYER, REFLECTING ELECTRON BEAM

Since the current must be closed, the beam at some
height should be reflected and go back. Let us consider
a possible mechanism of beam reflection. The reflection
mechanism from the ionosphere is associated with the
formation of double layers at entering the bunches of
fast electrons with density n,~10* cm™ in the ionosphere
at heights where the density of ionosphere ions n; ap-
proximately equals to ny [15].

1D numerical simulation [17] has shown that at in-
jection of an electron beam into a plasma, DL can be
formed. Let us show that at an electron beam injection
from a source into the plasma with a density comparable
to the plasma density ny=n;, the formation of DL is pos-
sible, which reflects the beam from the plasma [18 - 22].

Let us study the phenomena, accompanying injec-
tion from a certain time from a source (for example,
from a natural satellite of Jupiter) to Jupiter plasma an
electron beam with a density n, which is comparable to
the plasma density, n;.
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At a beam injection from an isolated source into the
plasma, the plasma electrons are accelerated towards the
source of the electron beam in the field of the potential
drop arising between the source and the beam. At ny=n;,
the plasma electron current to the source is small com-
pared to the injected beam current, j,=n,Vp. The result-
ing reverse plasma current is small, since plasma elec-
trons close to the boundary are accelerated insignificant-
ly, and those plasma electrons, located in the interior of
the plasma near the beam reflection region, are acceler-
ated to velocities reaching the injection velocity, but
their density becomes much smaller than the beam den-
sity. Thus, the reverse plasma current does not compen-
sate the accumulation of a positive source charge.
Therefore, the potential drop reaches the kinetic energy
of the beam. The beam returns to the source, being re-
flected from the potential jump and compensating the
accumulation of a positive charge on the source. Then
the potential can separate from the source and move
inside the plasma with a certain velocity Vg. So DL is
formed (the potential jump from @,=@(x=0) on the in-
jection boundary to zero on Ax).

Let us consider DL that the perturbation of the ion
density in its field is insignificant

|3n;| = n, edi; <<n,. 3)

2
idl

The appearance of charge separation in the form of
two oppositely charged regions is necessary for the DL
formation. For an electron DL formation at an electron
beam injection into the plasma, two groups of injected
electrons are necessary for this charge separation. The
second group, in contrast to the beam, should be slow.
The second group cannot be plasma electrons that fly
into the DL region and are accelerated in its field to
velocity (Va’+2eq,/m)*?, since their density deceases in
DL to a small value n(V/Vy,). Vy, is the thermal veloci-
ty of the plasma electrons. A slow group is formed by
trapping a part of the plasma electrons by DL, which is
rapidly formed, or it is injected together with a fast
beam. First we consider the case of injection of two

groups.
Let us consider a semi-infinite plasma, x>0, into
which, high-energy, Vpy>>Vy, Vi, and  slow,

Va<Vo<<V,, beams are injected with densities n, and
No. Vino=(To/mM)"?, Vine=(To/m)"? — thermal velocities of
electron beams. Since the distribution function of the
slow group of electrons after reflection from the DL
becomes symmetric with respect to the velocity of the
DL Vg, the average velocity of the slow group V can
be set equal to Vy=Vy<<c.

First, we find from the kinetic equation and the
equations of the balance of energy and momentum flux-
es the stationary characteristics of DI.

Electrons move along trajectories

mc?(y —1) —eq = const . (4)
In this case, plasma electrons in the DL rest system

are accelerated in its field from -V to -c(1-y5%)"Y%, vo=

[1-(Vp-Var+t Vi) /] Y2, At the same time, their density
changes as
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decreasing from
Ne(9=0)=ne t0 Ne(9=0)=Ne(Var/ C)(l'Yo-z)
Dynamics of the slow electron group is nonrelativ-
istic, and their density varies according to

N, (x) =, exp{@} . (6)

0

-1/2

One can see from (6) that the density of the slow
group decreases exponentially and forms a positive
charge at p,<@<q,. Densities of fast beam

n,(z)=n, /1—%{1-(“ e‘PZJZT. )
Yo mc

and of the plasma electrons (5) increase in a power law,
which leads to a negative charge at 0<@<@,. @, is deter-
mined from dn(¢,)=0

Do Yo+l
=20 J [foT= gl 8
. vo—l{ 2 } (8)

One can derive that at (pc:(po(Zme/c)yo2 the beam re-
flection begins. As a result, quasineutrality is restored
after DL.

Since the nonresonant beam electrons, passing
through DL, penetrate into the plasma, where they are
decelerated, their density increases. Therefore, the qua-
sineutrality condition behind DL (for x>>Ax) requires
that Vy be less than the thermal velocity of the plasma
electrons V<V, and the density of the beam electrons,
penetrating through the DL, should be small np,<<n,.
Consequently

2

Py = e (Yo_l)- 9)

All electrons transmit a momentum to DL. The flux-
es of momenta transmitted to the DL by beam electrons,
passing through DL, by electrons of the slow group and
by beam, which are reflected from DL, are equal to
emnValve-1)"%,  momC(o™Dive,  NoTo,  2(Np-
Nbo)MC(v,2-1)/70%. In DL field only ions receive a mo-
mentum whose flux is equal to nie,. Electrons and
plasma ions take energy from DL, whose fluxes are
Nee®oVai, Nie@ Vg The electrons of the beam and the
slow group lose energy when interacting with DL. The
energy fluxes, which are transmitted to DL by slow
group, which are reflected from DL, and by passing
through DL beam electrons, are equal to Vgn,T,,
(NN ME2Va(Yo>- 1)y, MpoeoC(1-,°)"%  Using the
equations for the balance of the energy and momentum
fluxes, as well as the quasi-neutrality condition on the
beam injection boundary, one can obtain:

V, n 1
80 /l——z <<1,
c ne Yo
, T
Npo = i_no : fo J
2 2eQ, |v,+1

€0, Yo +1 Yo +1

(10)
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Let us find the DL profile and estimate its width.
From (6) we find that in the reflection region of the
slow group on(ep)=-n,, @, is determined from
dn(¢p)/de=0 and equal to ¢p/@,=1-T/eq,. l.e. in a re-
gion, where the perturbation of the charge density is
determined by the change in the density of the slow
group, the potential drop is insignificant. In a region,
where the perturbation of the charge density is deter-
mined by the change in the density of a fast beam upon
its deceleration, dn increases to =@q. The maximum on
is reached in the region of strong deceleration of the
beam and it is equal to dn(gq)=Np(2Ve/Vins)"v¥2 In
neglecting small intervals (widths of ¢, and @o-¢p) near

¢=0 and ¢p=¢,, we obtain
(6@/6x —n\/_{ \/7} 1)

(vo+1)0/0, +2

yo +l
From here
X 2
R W Al (12)
Py €Yo

Let us determine the width D:
c 2_m
(6@/5X Y N,
Yo

And at y>>1 Ax=(c/op\2)yo, 0= (4nn,e2/m)1’2 .
We now consider the case of injection from a source
into the plasma of only a fast beam. It follows from (13)
that for y,>>1 the double layer is formed during the time
yo/mp\/Z. And the response time of plasma electrons to

the formed field, according to (11), is equal to
to = (Yo/@,v2) (9/0, (1) (14)

Hence it can be concluded that during the formation
time DL the plasma electrons do not have time to react
to the formed field. Before the beam is reflected and
reaches the boundary, the plasma electrons close to it
are thrown out to the source under the action of the aris-
en field. When the plasma density is reached, which
satisfies the inequality ne(t)<n;-n,, the self-consistent
potential ceases to be monotonic. The potential grows
inside the plasma from @q(t) to @4(t). Further, inside the
plasma the potential falls sharply from ¢.(t) to zero.
This distribution of the potential keeps from the ejection
to the source of the part of the plasma electrons which
were during the DL formation in its vicinity, to neutral-
ize, together with the charge beam, plasma ions. These
trapped plasma electrons form the slow group necessary
for DL formation. After completion of DL formation,
the plasma electrons, fly into DL region, are accelerated
toward the beam.

Let us consider the stability of the relative motion of
electron fluxes. From (4), (5) - (7) we have an equation
describing the excitation of HF perturbations in the DL
neighborhood:

a (1-a -2 -2
_Z—Z_( 2yg )|:(Z_Y) +(Z+y) ]=0,

o=n,/N;, z=0/®,, Y=Kp/w,. It follows from (15) that HF
noise is generated in the DL region due to the develop-
ment of BPI. They lead, as noted above, to the spread-
ing of the electron distribution function. In [17, 23],

- (13)

(15)

108

noise does not lead to a significant DL destruction due
to: spreading of the electron distribution function; in-
homogeneity of the potential, which ensures the viola-
tion of the wave-particle resonance condition and the
large relative noise velocity and DL.

Since DL moves slowly inside the plasma, the densi-
ty of trapped electrons n, decreases in the case of non-
monotonic DL, since the localization region of these
electrons increases. The study of the stability of electron
fluxes with respect to LF perturbations on the basis of
equation ( )

o l-a -2 -2
—_— zZ- +(z+ =0, (16
@y [(2=y) " +(z+y) " ]=0, (16)
do=(To/4nn)"?, shows that when the density of the
trapped electrons falls below the critical value
2
—(Vth"/svb) > oc+(kd0)2 .
0

DL becomes unstable with respect to perturbations
with the phase velocity equal to V. Numerical simula-
tion [17] has shown that in this case DL, which has
shifted into the plasma, decays, forming a vortex in the
electron phase space and a new DL appears on the
boundary.

It was shown in [18 - 22] that DL can be formed in a
beam-plasma system only, as observed, when ny=n;.

Thus, it has been shown that injection from a source
into a plasma of an electron beam with ny,~n; can lead to
the DL formation.

DL reflects the beam from the plasma, so the electron
velocity distribution function at the injection boundary
has three maxima, which was observed in [17].

If the beam and plasma parameters differ from those,
necessary for the formation of a monotonous DL, then
within some limits of such a deviation near the DL in its
low potential region a potential dip can be formed. The
depth of the dip is self-consistently adjusted to the pa-
rameters of the beam and plasma, facilitating the DL
formation and the beam reflection. In particular, the
potential well, reducing the fraction of the beam passing
to the low potential region, ensures quasi-neutrality in
this region. The potential well in the region of low po-
tential of DL is also formed due to 3D beam dynamics
and the limited radius of the beam.

A similar spatial distribution of the electrostatic po-
tential and the behavior of the beam were observed in
the experiment and in numerical simulation [17]. The
injection of an electron beam into the plasma in numeri-
cal simulation [17] leads under certain conditions to the
DL formation.

So, DL is formed at a fast beam density, which takes
values in a small interval near ny/n=1/4. The considered
DL moves with a velocity much less than the beam ve-
locity. The DL width is comparable to the wavelength
of the most unstable mode of beam instability. The per-
turbation of the ion density in the double-layer field is
small.

It should be noted that the electron distribution func-
tion remains unstable. Indeed, in [17], excitation in the
DL region of weak electron oscillations has been ob-
served.

(17)
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3. NUMERICAL MODELING
OF DOUBLE LAYER GENERATION

Generation of a quasistationary double layer result-
ing from interaction of an electron beam with plasmas
was numerically simulated using particle-in-cell method
in the nonrelativistic case. For the sake of simplicity 1D
electrostatic model was used. This approximation ap-
pears to be justified, since the transverse motion of elec-
trons is suppressed by external magnetic field and the
intrinsic plasma magnetic field is assumed to be small.

The simulation was performed in the spatial region
of the size of 1004, with open boundary conditions. In
this case, the particles that leave the considered region
are excluded from the calculations. In the initial mo-
ment the considered region was filled with equilibrium
plasma of the temperature kT and the electron number
density of no. The ion component was assumed to be
‘freezed in’ and spatially uniformly distributed. A con-
tinuous electron beam was injected into the plasma from
the left, having the drift velocity of 10v; and the veloci-
ty distribution equal to that of the plasma. The number

density of the beam is chosen to be equal to 0.4n,.
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Fig. 2. Phase portrait of a double layer in plasma
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Fig. 3. The electrostatic potential and the electric field
strength as functions of coordinate.
Here Ey = 4o, where ¢ is the surface charge density
of a spatial cell of a size Ap
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After a relatively short period of time of about 30/,
from the beginning of the simulation, a quasistationary
picture is formed in the phase space of the system, con-
taining small plasma oscillations and a double layer that
reflects some part of the beam. Typical instantaneous
phase portrait is shown in Fig. 2.

The double layer contains a typical drop of the elec-
trostatic potential. Fig. 3 shows plots of the potential
and electric field strength as functions of the coordinate.
These dependencies have been obtained by averaging of
the potential and the field strength over a time interval
that is much greater than the period of plasma oscilla-
tions. Note that instantaneous values can be substantial-
ly distorted by plasma waves. It can be seen from Fig. 3
that the double layer has the width of about 204p. The
drop of the potential is determined by the energy of the
beam particles according to E = egy,.

Fig. 4 depicts distribution functions of the electron
component in the regions before and behind the double
layer when the quasistationary flow is established,
t > 30/w,. The solid blue line depicts the distribution
function before the double layer near the coordinate
x = 0. The right maximum corresponds to the injected
beam with a fixed normal velocity distribution and the
left one combines the reflected part of the beam and the
plasma electrons extracted and accelerated by the field
of the double layer. The dashed green line depicts the
distribution function behind the double layer. Note that
the interaction with the beam results in distortion of the
initial distribution and the appearance of a high-energy

tail, in accordance with aforesaid.
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Fig. 4. The velocity distribution function of the electron
component in the regions before (solid blue line) and
after (green dashed line) the double layer. The vertical
lines shows the interval of velocities where the electron

energy is not enough to penetrate the double layer

4. NONLINEAR EQUATION, DESCRIBING
EXCITATION AND PROPERTIES
OF SEMI-VORTEX

The radial defocusing effect of the space charge of a
decelerating beam and its collision with particles of par-
tially ionized plasma lead to a gradual expansion of the
decelerating beam. Thus, the reflected beam moves
back on a larger radius, leading to a vortex-type dynam-
ics (Fig. 5).

In an unperturbed plasma, an electron beam of finite
radius r, moves with velocity V, along the magnetic

field H, of Jupiter in the direction of its surface.
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o Is the vorticity, vortical characteristic of elec-

trons.
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4““. -

Satellite Beam

Jupiter
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Fig. 5. A vortex dynamics of decelerated and reflected
by double layer electron beam near Jupiter
a=§,rotV=20,V,-0,V,. (18)
We use hydrodynamic equations for electrons taking
into account collisions with the frequency v,

vV (V9)V -
e -1 (V2 (19)
Gt
%N(nQV):o, (20)
ot
and Poisson equation for the electric potential, ¢,
Ap=4n(en,—qn;). (21)

Here V, n, are the velocity and density of elec-

trons, V, is the thermal velocity of electrons, V,, n,,
q;, m, are the velocity, density, charge and mass of
ions.

Since the dimensions of the vortex perturbations are
. V,
much larger than the electron Debye radius, r, =—",

e

Ope

and beam velocity, directed along z, is much more than
thermal velocity of electrons V, >>V,,, one can neglect

the last term in (19).

@wew(ww:(i
ot m

e

]%{am, \7] ., (22)

m

2 1/2
©p = (MJ is the electron plasma frequency.
e

Since in the region of formation of the described
half-vortex the density of the decelerated beam is much
larger than the density of the electrons of the surround-
ing plasma, then in the first approximation we neglect
the density of the electrons of the surrounding plasma in
comparison with the beam density.

From (20) - (22) we obtain a nonlinear equation, de-
scribing the vortex dynamics of the electrons.

G-y ) Vel L. . e\
dt(n—eHJ-f'n——n—((a—O)He)V)V.

e e

(23)

Since the problem is symmetric along the azimuth 6, o
is directed along 0, and @, is homogeneous and sta-

tionary, then
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o) va 1/ =\¢
d[[n—e]-{' ne =—n—e((DHeV)V. (24)

Thus, we have derived the nonlinear vector equation,
describing the vortex dynamics of electrons, without

any approximations.

At V9=0
a L] .
ne ne
In the state of a stationary semi-vortex, we have

(W)(%]ﬂ;-“:o.

e

(25)

(26)

In the linear stationary case, assuming that the elec-
tron flux is inhomogeneous in the transverse direction,
one can obtain

—i(vra,)n% + (\7?)(1+ vea=0.
nOe
In the linear nonstationary case, assuming that the
electron flux is inhomogeneous in the transverse direc-
tion, one can obtain

_ni(vra, YNge + [81 +(V,0, )](x+ v,a=0. (28)

Oe

(27)

CONCLUSIONS

So, the electron beam dynamics, formed near lo, the
Jupiter natural satellite, and moved to Jupiter, has been
described analytically. When a beam penetrates into the
Jupiter plasma to a certain depth, the beam-plasma in-
stability develops. Due to this the electron distribution
function becomes wider by excited fields. These elec-
trons, when their energy reaches a certain value, cause
UV polar light. For closing of a current a double electric
layer is formed. The necessary conditions for the for-
mation and properties of the double layer of an electric
potential large amplitude, its stability, evolution and
beam reflection in its field have been described. It has
been shown that reflection of the beam leads to semi-
vortex formation. The equation, describing the semi-
vortex, has been derived.
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BO3BYXKJIEHHUE YCKOPSAIOWEIO ITOJIS, HOABJIEHUE
N 3BOJIIOIUSA JIEKTPOHHOI'O ITYYKA BBJIN3U IOITIUTEPA

B.U. Macnos, A.Il. @®omuna, P.H. Xonooos, H.I1. Jlesuyk, C.A. Huxonosa, A.I1l. Hosax, H.H. Onuwenko

Korna snexTponHSIi mydok, oopa3zosanusiii Mo-lOmutepa, npornkaer B mia3my HOmuTepa, pa3BuBaeTcs mydko-
BO-TUIa3MEHHAass HEYCTOWIMBOCTh. Toraa (yHKIUS pachpeesiCHNsI 3JIEKTPOHOB CTAHOBHUTCS LIMpE, Onaromaps BO3-
Oy>XIEHHBIM TIOJISIM. DTH JIEKTPOHBI BHI3BIBAIOT yIIbTpaduosneToBoe ceedeHue. OnucaHsl ycinoBus GpopMupoBaHus,
CBOMCTBA, YCTOMYMBOCTH U IBOJIOLUS CHOPMHPOBABILETOCS WHTEHCHBHOTO ABOMHOTO cios. OTpakeHHe IydKa
HNPUBOAMT K 00pPa30BaHUIO [TOJYBUXPAL.

3BYKEHHSA ITPUCKOPIOIOYOT O 110JI4, IIOSIBA
I EBOJIIONIA EJTEKTPOHHOI'O ITYUYKA ITOBJIN3Y IONITEPA

B.I. Macnos, A.Il. @omina, P.1. Xonooos, LII. Jlesuyk, C.O. Hikonosa, O.I1. Hosax, I. M. Oniwienxo

Komm enexTpoHHMiA mydok, yrBopenuid lo-lOmitepa, mponukae B muasmy lOmitepa, po3BHBAEThCS MYIKOBO-
TUTa3MOBa HECTIHKICTh. Toi (QYHKIIS PO3IOAITY eIeKTPOHIB CTa€ MIMPIIE 3aBASKH 30ypkeHNUM oM. Li enexTpo-
HHU BHKJIHKAIOTh yiIbTpadioneToBe cBiTiHHA. OMUCaHO YMOBU (OPMYBaHHS, BIACTHBOCTI, CTIMKICTD i eBomoLis iH-
TEHCHBHOTO MTOJIBIHHOTO IIapy, Mo GopMyeThcs. BigOUTTA mydka mpu3BOIUTH O YTBOPEHHS HAIIIBBUXOPY.
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